to help buses to stay on schedule. A late bus communicates a priority request to the traffic signal controller, and the controller adjusts the settings to allow for additional green time for the bus or shortened red time if the bus is waiting at the intersection. Efficient TSP systems are able to help buses stay on schedule and improve their travel time and reliability (2) . Another tool used to manage traffic signals more effectively is adaptive traffic signal control, which operates traffic signals by using real-time traffic demand data to optimize the performance of the corridor or network.
The main goal of this study was to evaluate whether the implementation of adaptive traffic systems positively affects traffic speeds, bus transit performance, and TSP. The next sections present background regarding adaptive signal control and TSP, a description of the study area, key performance measures, a discussion of the results, and conclusions.
Background adaptive Traffic Signal control
Traffic signal timing can be used to alleviate congestion by using the existing infrastructure as efficiently as possible. However, traffic signal timing is often unresponsive to actual traffic conditions because it is run by pretimed plans that are updated every couple of years. This practice is problematic when unexpected traffic patterns occur, and it can lead to worsened congestion, especially during heavy commuting periods. Adaptive traffic signal control is a solution that is responsive to the traffic conditions in the field. These systems use detection and algorithms to adapt the traffic signal timing parameters to optimize traffic operations. Various types of adaptive systems are available that operate in slightly different manners. One widely used system is the Sydney Coordinated Adaptive Traffic System (SCATS).
SCATS was developed in Australia in the early 1970s and has been used successfully in Australia for the past 40 years. The current system uses loop detection near the stop bars in addition to video cameras to operate in real-time conditions. The system optimizes cycle lengths, phase splits, and offsets on a cycle-by-cycle basis. The degree of saturation is used to adjust the cycle length. Phase splits are timed by giving each approach an equal degree of saturation, or higher priority can be given to the main road. SCATS selects offsets on the basis of free-flow travel time and degree of saturation, which provides minimum stops for the vehicles on the main roadway. The popularity of SCATS has grown over time, and its use has expanded to other countries, including the United States (3) .
Statistical Study of the Impact of Adaptive Traffic Signal Control on Traffic and Transit Performance
Courtney Slavin, Wei Feng, Miguel Figliozzi, and Peter Koonce
The Sydney Coordinated Adaptive Traffic System (SCATS) is designed to improve mobility on congested corridors with variable demand; SCATS is expected to improve transit performance. Because many urban corridors are heavily used by transit routes, it is important to determine how SCATS affects transit performance on congested corridors. However, there is limited research on evaluating the impact of SCATS on transit performance. To the best of the authors' knowledge, this research presents the first field evaluation of SCATS with transit signal priority in the United States. The case study is based on before-and-after traffic and transit data along Powell Boulevard, one of the most congested urban arterials in the Portland, Oregon, metropolitan region. Using permanent traffic data collection stations, bus automated vehicle location and automatic passenger count data, and transit signal priority request data, this work presents the results of statistical tests and regressions to determine the impacts of SCATS. Statistically significant differences were observed in travel times and SCATS-related regression parameters. Overall, travel time changes or improvements related to SCATS seemed to depend greatly on the direction of travel and time of day.
Congestion in urban areas is a growing concern in the United States. Over the past 20 years, not only has congestion increased in cities, but it has created longer peak periods and continues to reduce travel time reliability. In some urban areas, public transportation has been expanded and given priority as a tool to increase mobility while alleviating congestion because efficient public transportation can provide a more affordable option and is able to transport more passengers per vehicle than private vehicles. Buses make up the largest percentage of public transportation modes in the United States, with 52.5% of the number of passenger trips and 38.9% of the passenger miles; transit use has increased in the past two decades (1) .
One of the problems of a bus transit system is that buses are directly affected by roadway congestion wherever they share the right-of-way with general traffic. Hence, the performance of public transit in congested corridors is affected by traffic volumes and signal timing at intersections. Transit signal priority (TSP) can be used
Evaluation of ScaTS
SCATS has been installed in cities across the United States with mixed results. Various before-and-after studies have tested the improvements of adaptive traffic signal control compared with existing pretimed or time-of-day plans. Many claims are made about performance improvements; however, the results vary on a case-by-case basis. Some differences in performance improvements may be partly related to how the evaluation was conducted, in addition to other potential site-specific reasons.
The evaluation of an adaptive traffic signal control system is not a trivial exercise and requires certain conditions to ensure fairness and accuracy. One condition is related to the reference system or the existing timing plans that constitute the evaluation baseline; the more optimized and responsive to traffic conditions the existing timing plans already are, the more difficult it is to see improvements with the implementation of an adaptive system. Clearly defining the baseline system performance is crucial when improvements are reported (4) .
Other factors that affect the evaluation of an adaptive traffic signal control system are roadway specific, such as changes in traffic volumes and geometry of the intersections. Geometric changes or not controlling for traffic volumes between the before and after periods can be another common flaw in the evaluation; relevant data should be collected within a narrow time window to avoid big changes in the demand patterns. Most of the studies did not use permanent data collection stations and instead focused their evaluation on peak and off-peak periods. This practice provides insufficient data because traffic volumes fluctuate greatly throughout the day.
Only a few studies have evaluated the joint effects of adaptive signal control systems and TSP in the United States (5-7), and few evaluations have closely examined the relationship between SCATS and TSP (8) . The City of Beaverton in Oregon implemented SCATS on Farmington Road in 2011. Only six of the intersections operate under adaptive signal control. The 0.7-mi segment carries heavy traffic in the eastbound and westbound directions. The corridor has two travel lanes in each direction and a speed limit of 30 mph. The before-and-after study conducted by DKS Associates examined three performance measures: side-street delay, travel time, and recovery from signal preemption (9) . Side-street delay was obtained from a Synchro model, the travel time from Bluetooth media access control reader devices, and the recovery from signal preemption was found with preemption logs. The results indicated that the largest improvement was a faster recovery time after preemption from the TriMet (the transit agency for the Portland metro area) WES commuter train. Before SCATS was implemented, recovery from preemption took up to 6 min; afterward, recovery was reduced to less than 2 min. With preemption triggered every 10 to 15 min during peak periods, this reduction in recovery has had a significant impact on traffic performance. However, side-street delay was reduced only when traffic arrived randomly and not in a platoon; the greatest travel time improvements occurred during off-peak periods. No statistical tests were conducted. Research has also simulated SCATS and its impact on emissions using VISSIM, but TSP was not included (10, 11) .
STudy arEa dEScripTion
Powell Boulevard is an urban arterial corridor located in Portland, Oregon, that connects the Portland downtown and the City of Gresham. Powell Boulevard, also known as Highway US-26, has two lanes of traffic in each direction and a variety of land uses. The route runs in the eastbound and westbound directions and includes the Ross Island Bridge, which crosses the Willamette River. The study area is shown in Figure 1a , where downtown Portland is shown to the west of Powell Boulevard. In the map, Points A and D are the start and end points, respectively, of the study corridor along Powell Boulevard.
Powell Boulevard is a major commuter arterial that has experienced growing congestion in the westbound direction in the morning peak period and in the eastbound direction in the evening peak period. Congestion has rendered the arterial unable to meet its purpose of efficiently moving users. However, improving the performance of this arterial is difficult because of the competing needs of different types of users, such as pedestrians, transit, and private automobiles, as well as balancing mobility and accessibility for a diverse array of activities and land uses along the corridor.
Powell Boulevard experiences congested or over-capacity conditions during peak periods. In 2009, the average annual daily traffic ranged from 56,500 vehicles right off the Ross Island Bridge, to 41,000 vehicles at the intersection of Powell and Milwaukie Avenue, to 34,100 vehicles at the intersection of Powell Boulevard and 39th Avenue (12) . By following the Highway Capacity Manual procedures to obtain signalized intersection level of service (LOS), it was found that the intersection at Powell and 39th has a relatively low LOS during peak periods, ranging from C to F (13). For the morning peak period, from 8 to 9 a.m., one of the movements operates at LOS F, and the westbound through movements are at LOS E. For the afternoon peak period, from 5 to 6 p.m., four of the movements (two left turns and two eastbound through movements) operate at LOS F. LOS by movement for Powell and 39th Avenue is shown in Figure 1c for both peak periods. Intersection LOS was calculated on the basis of delay per movement (14) .
A high-frequency bus route that runs along Powell Boulevard is also affected by congestion. Route 9 is in the top 10 TriMet routes in terms of productivity and passenger demand. In 2011, Route 9 served 37.9 passengers per vehicle hour (15) . The peak periods for Route 9 coincide with general vehicle traffic peaks that occur in the morning for the westbound direction and in the afternoon for the eastbound direction. There is no dedicated bus lane in this segment.
The SCATS implementation is shown in Figure 1b ; SCATS was implemented in the segment between Point A (SE Milwaukie Avenue, close to 11th Avenue and Powell Boulevard) and Point D (Southeast 72nd Avenue and Powell Boulevard). The inter sections of particular interest are highlighted with either a triangle or a circle. The triangles represent transit time points, which are bus stops where holding and schedule recovery can take place if the bus operator is ahead of schedule. The two circled intersections are the locations of traffic counters. This location was the first SCATS implementation to integrate TSP in the United States (16) .
pErformancE mEaSurES
The objective of the SCATS implementation in the Powell Boulevard corridor was to improve traffic operations and reduce congestion. SCATS was expected to help achieve this objective by allocating green time more effectively by responding to current traffic conditions. Therefore, traffic volumes and speeds were used as the key performance measures to control for changes in travel patterns. Bus performance is greatly affected by traffic; traffic was measured to control for this factor in the analysis. Traffic volumes were monitored by two Wavetronix units that were installed by the City of Portland. The units digitally generate a radar signal to collect vehicle counts, speeds, and classifications. The Wavetronix units were installed close to Powell and 26th Avenue and Powell and 39th Avenue but with enough setback from the intersection to assure free-flow traffic conditions (no queuing) even during the peak periods.
Transit performance measures were also used to compare beforeand-after SCATS conditions. Data provided by TriMet included Route 9 automatic vehicle location and passenger counts. The performance measures included schedule delay, headway delay, idling time, and travel time. Passenger boarding activities were used to control for differences between the before and after periods.
On-time performance and headway adherence are the two most popular reliability measures used in the transit industry for lowand high-frequency service, respectively; high-frequency service is defined by bus headways shorter than 10 min (17). These performance measures are paired with schedule and headway delay. On-time performance represents the percentage of on-time departures at the stop level. The Transit Capacity and Quality of Service Manual defines on-time performance as being 0 to 5 min late (17) . TriMet defines on-time performance as being no more than 1 min early to no later than 5 min past the scheduled departure time. The index for on-time performance percentage was calculated by using TriMet's version:
early depart records all depart records late depart records all depart records (1) 
vh where c vh is the coefficient of variation of headways and headway deviation is the difference between the actual departure headway and the scheduled departure headway at a stop. The Transit Capacity and Quality of Service Manual suggests an LOS threshold for each reliability index as shown in Table 1 (17) . The greater the on-time performance ratio is, or the lower the headway adherence index is, the more reliable the transit service is. Idling time is defined as the difference between actual departure time and actual arrival time at a stop minus dwell time at that stop. Idling time represents the extra time that a bus waits at a stop. For example, if the bus stop is at a near-side stop (i.e., a stop placed right before the bus enters an intersection), then idling time can be partially attributed to time waiting at a red light and without including passenger service time. Idling time can be used as a proxy to measure the amount of traffic blocking the bus exit after serving passengers at a stop.
Ideally, all variables that can affect travel time both before and after SCATS should be controlled for. The authors examined before-andafter transit performance conditions during the same month, although a year apart, to account for seasonal variation. Because the traffic data were not available for the year before the SCATS system was installed, traffic and transit performance measures were calculated for different time periods. For traffic data, the before time period was a week before the SCATS system was installed, and the after time period was 2 months after SCATS. A 2-month period was used because there was a SCATS calibration period. Transit data for the whole month of November were used. In addition, traffic flow was evaluated close to the intersections at 26th and 39th Avenues (circles in Figure 1b) , and a transit time point (triangle in Figure 1b ) was used for transit performance evaluation of scheduled stops.
EvaluaTion rESulTS

Traffic Evaluation
The key objective for the implementation of an adaptive system on Powell Boulevard was to reduce congestion. The Portland Bureau of Transportation selected the SCATS system specifically to improve traffic operations on the corridor. Volume was selected as a performance measure to understand how throughput was affected along Powell Boulevard, and speed was examined to look at queuing and congestion, as indicated by low speeds.
The traffic comparison was performed for the morning (7 to 9 a.m.) and afternoon (4 to 6 p.m.) weekday peak periods. Only the peak period corresponding to commuter traffic (morning westbound and afternoon eastbound traffic) was used. To account for daily variation in traffic, Monday, Tuesday, Wednesday, Thursday, and Friday data were averaged. Data were collected on the following dates:
• Before SCATS: October 3 to 7, 2011 (Monday through Friday), and
• After SCATS: November 28 to December 2, 2011 (Monday through Friday). Figure 2 shows the westbound average speed and volume before and after the SCATS implementation at the intersection of Powell and 26th Avenue for morning peak hours. Figure 2a shows that after SCATS the speeds increased and were closer to the speed limit of 35 mph.
Volume changes for the morning peak period are shown for Powell and 26th in Figure 2b . During most of the morning peak period, a significantly higher volume of vehicles was present after SCATS was implemented. Figure 2 shows the average differences in travel speed (in miles per hour) and volume (number of vehicles per 5 min) and the level of significance. The results show that at Powell Avenue and 26th there were both significant speed improvements and higher traffic volumes after SCATS was installed ( Table 2) .
The intersection at Powell and 39th Avenue yielded more mixed results. For the morning peak period, there were significant speed and volume improvements. However, during the afternoon peak period, there were speed decreases, and the volume remained fairly constant. It is possible that the mixed results are because 26th Avenue is a more minor cross street with smaller volume, and 39th is a large arterial with a higher volume. The SCATS system did not change the average cycle length significantly, but it did increase the variability of the cycle length, especially when compared to time-of-day plans (which were in use before SCATS was implemented). The SCATS system adjusts splits on the basis of demand and allocates the time as needed. That is, in practice SCATS favored the main arterial (Powell) when there was less demand at the secondary street; the green time on Powell increased, and on 26th Avenue it decreased. This improvement or higher efficiency in the allocation of green time was not possible at 39th because of its higher traffic volume. A study for Kittelson and Associates of Portland by Hathaway et al. looked at the queuing at each intersection along this route and found mixed positive results at different intersections, movement directions, and times of day (18) . A positive outcome was that cycle failures have been almost eliminated.
Transit Evaluation
Detailed bus stop event data, one month each from November 2010 and November 2011, were used to evaluate transit performance before and after SCATS was implemented. Passenger activity was examined to control for possible changes in transit activity. There were no other major changes to the route before and after the SCATS implementation. Statistical tests indicated that there were no significant differences in passenger boarding per hour or passenger load per bus at any time point or segment. TriMet's policy specifies that at certain time points bus operators cannot depart earlier than 1 min from the scheduled departure time. If a bus operator arrives more than 1 min early, they will most likely hold the bus, which increases idling time. This policy was consistent both before and after the SCATS implementation. Statistical results are shown in Table 3 , including the mean, standard deviation, number of observations, and significance of the statistical results for both schedule delay and headway delay. In addition, the on-time performance and LOS are shown for the off-peak periods, and headway adherence and LOS are shown for the peak periods.
Schedule delay was not significantly improved in the eastbound or westbound direction during the off-peak period. The time-point schedule delay was better in the westbound off-peak hours compared with the eastbound direction delay. There were no major changes in on-time performance in either direction of travel. LOS was low both before and after SCATS was implemented: an F in the eastbound direction and a slightly better D in the westbound direction.
The mean headway delay was close to 0 s, but the standard deviations ranged from 4 to 5 min. There were no significant improvements in the deviation of headway delay after SCATS was implemented, and headway adherence remained the same or became slightly worse. LOS remained in the same category.
In general, the implementation of SCATS did not significantly improve or worsen transit performance at Powell and 39th. The only exception was the reduction in schedule delay in the westbound direction after SCATS.
Idling Time
Idling time, which is the extra time spent at a bus stop after serving passengers, was calculated at every stop in the segment where SCATS was implemented. The idling time was summed and averaged over all the stops in each direction.
The results indicated no major changes in idling time over the corridor, from Powell and Milwaukie Avenue to Powell and 72nd Avenue (Table 4) . Mean idling times during the peak periods are shown in Figure 3 . Eastbound, at the majority of the stops, the idling time was similar before and after SCATS. However, the largest percentage increases in idling time were observed at 24th and 26th Avenues. In the westbound direction, the stops with the largest percentage increases in idling time were observed at 24th and 21st Avenues. However, at the more important or congested intersections, Milwaukie and 39th, the amount of idling time did not change consistently or significantly.
Time Point Reliability
Time-point reliability evaluation data were collected at Powell and 39th Avenue and compared by using different performance measures for peak and off-peak periods in both directions.
The high-frequency periods occurred between 4 and 6 p.m. in the eastbound direction and between 7 and 8 a.m. in the westbound direction. All other times were low-frequency service or off peak. For off-peak periods schedule delay and on-time performance are the suggested performance measures, but for peak periods headway delay and headway adherence are the performance measures suggested by the Transit Capacity and Quality of Service Manual.
Mean schedule delay was compared by using a one-sided t-test; if µ 1 = population mean of Group 1 (before SCATS) and µ 2 = population mean of Group 2 (after SCATS), the null and alternative hypotheses can be stated as follows: Mean headway delay (i.e., actual headway minus scheduled headway) was compared by using a one-sided F-test; if σ 
Travel Time
The transit performance measures analyzed above were at the stop level. Bus travel time was calculated between Powell and Milwaukie and Powell and 72nd (shown as the study segment in Figure 1 ) to understand how the implementation of SCATS affected the entire corridor. One-sided t-tests were used to compare travel times. If µ 1 = population mean of Group 1 (before SCATS) and µ 2 = population mean of Group 2 (after SCATS), then the hypotheses are Results indicated that in the eastbound direction the mean travel times were significantly improved throughout the day after SCATS was implemented. In the westbound direction, the mean travel times were not improved ( Table 5 ). The deviation of travel time after the implementation of SCATS was not significantly improved in either direction. The bus scheduled travel time was constant over the two time periods.
Travel Time Regression Models
To control for all the potential differences in bus operation before and after SCATS, several regression models were estimated. The variables' names, descriptions, and ranges of values are listed in Table 6 . The base model is shown in Table 7 . The first model, including all eight parameters, indicated that all variables except SCATS were significant. To examine the impact of SCATS on the other variables, interaction variables were included in the model.
Interactions between SCATS and priority, SCATS and offs, and SCATS and lifts were not significant. The interactions were significant between SCATS and ons, SCATS and stops, SCATS and peak, and SCATS and direction. After further analysis, it was found that the interaction with SCATS and stops was more significant than that with SCATS and ons, and using both in the same regression model forced SCATS and ons to become insignificant.
The final regression analysis is shown in Table 7 next to the base model. In order to determine whether the final model was better than the base model, an incremental F-test was conducted to test the hypothesis that the coefficients of the additional variables were equal to zero. In this case, the unconstrained model had 12 predictors, and the constrained model had seven, so there were five additional variables. The incremental F-value was 37.105, with a corresponding p-value of .000, indicating that the final model was a significant improvement on the base model.
A comparison of both models shows the results are very stable, which highlights the robustness and quality of the model. The factors related to passengers yielded similar results, indicating that each passenger boarding took on average about 4 s, each passenger alighting took on average less than half a second, and each lift usage took on average 31 additional seconds. Each stop that the bus had to make during a trip took on average 19 additional seconds.
Trips that had TSP were reduced by approximately 24 s on average; the value of this parameter was stable, which shows that the impact of transit priority was not affected by SCATS. This is an important result because a priori it was not possible to predict whether the interaction between SCATS and TSP would be beneficial.
From the base model, it is possible to see that trips made during the peak period had higher travel times (about 140 s more on average) than trips during the off-peak period. Trips made in the westbound direction had higher travel times (about 30 s more on average) than trips in the eastbound direction. The results of the regression analysis allow a before-and-after SCATS comparison for each peak period and direction. The variable for SCATS during off peak in the westbound direction was not significant in the model, which means that the coefficient was zero or equal to the baseline (before SCATS, off peak, eastbound). Looking at the other variables, it can be seen that on average, after SCATS
• Eastbound off-peak period travel time decreased 33 s, • Westbound off-peak period travel time decreased 24 s, • Eastbound peak period travel time decreased 42 s, and • Westbound peak period travel time increased 110 s.
In short, SCATS helped to significantly reduce travel times in both directions and times except for the westbound peak period. These regression results are consistent with the results observed in Table 5 , which shows that the mean westbound peak period increased by 117 s. Clearly, these travel times were not caused by changes in passenger demand or boarding-alighting patterns. Bus travel times may have increased in the westbound peak hours but decreased at all other times after SCATS because of the relatively high concentrated passenger demand in the westbound a.m. peak hours; in addition, the Ross Island Bridge (downstream of the westbound direction in the study segment) is capacity constrained and limits westbound operations.
concluSion
In order to evaluate traffic and transit performance before and after SCATS implementation, this research compared changes in traffic volumes and speeds and studied changes in transit performance measures such as schedule delay, headway delay, idling time, and travel time.
Overall, the traffic conditions before and after SCATS were significantly different in terms of speed and volume. SCATS showed statistically significant improvements regarding traffic speeds at one minor intersection even when traffic volumes showed a statistically significant increase. At a major intersection results were mixed and not conclusive.
This study also examined the joint impacts of SCATS and TSP on transit performance. Statistical tests and regression analysis determined that SCATS did not negatively affect transit performance on Powell Boulevard. In particular, TSP was not affected by SCATS, which means there seems to be no additional benefit of TSP to transit vehicles by having SCATS implemented. Overall, it was determined that the improvements available through SCATS varied at different times of day and in different travel directions. Travel times were reduced in both directions during the off-peak period, which covers most of the day. However, the peak periods are when bus demand is the highest. During the peak periods, improvements in travel time for the entire study corridor segment were observed in the eastbound direction, but there were no improvements in the westbound direction. However, bus on-time performance and idling time were not directly correlated with traffic travel speed; therefore, it is possible that there was no significant improvement in on-time performance or idling time while there was an improvement for travel times.
From the traffic evaluation it seems that after SCATS transit buses may be dealing with the same congested conditions at major intersections but with improved conditions at minor intersections. The transit evaluation accounted for passenger ridership, which did not change significantly between the two time periods. 
